Abstract-Practical challenges in distributed generation and electric vehicles have motivated the rapid development of bidirectional multi-port dc-dc converters. This paper proposes a converter that not only can perform fast battery voltage balancing and limit ground leakage current, it also features low switching ripple and component count, providing significant cost savings from reduced filter requirements and improved efficiency. Experimental testing of a 3.3 kW prototype confirms the bidirectional power transfer capability and demonstrates above 99% converter efficiency over a wide range of input power.
I. INTRODUCTION
Commercialization of both distributed generation (DG) and electric vehicles (EV) has presented a unique set of practical challenges and motivated research into suitable power processing converters [1] - [3] . Typical applications in DG and EV require a dc-dc converter to integrate multiple lower voltage dc energy sources, such as photovoltaic (PV) panels or battery stacks, with a high voltage dc bus [4] - [6] . Particularly, the key functional and safety requirements for such a multi-port dc-dc topology include independent optimal loading of inputs, low ground leakage currents, and, in the case of energy storage applications, bidirectional power transfer capability [2] , [3] , [7] .
The dc energy sources in DG or EV applications typically operate at a low dc voltage level, ranging from 3 to 4 V for a Li-ion battery cell to 12 V for a photovoltaic (PV) panel of 36 cells [5] . Voltages at this level are inadequate for power processing beyond a few hundred Watts and cannot meet the voltage requirements of existing higher power systems [3] , [5] . Consequently, energy sources are typically connected in very long series strings to achieve the required dc voltage level. As the number of series connected sources increases, optimal loading of individual energy sources is compromised. In the case of solar PV applications, sub-optimal loading of individual cells results in reduced power harvesting, which is costly but not hazardous. In the case of energy storage applications where Li-ion batteries form the energy source, battery cells that are equally charged or discharged by the same current will still deviate in their state of charge (SOC) over time because of the difference in electrochemical characteristics among battery cells [3] . Consequently, without charge equalization, the capacity for the entire battery string is limited by the battery cell that has the least capacity, and such limitation can eventually reduce the battery pack capacity by 25-30% [8] . Of even greater concern, a lack of charge equalization can lead to overcharging and over-discharging that not only greatly reduce battery cycle life, but, particularly for overcharging, may also cause battery heating, venting, or explosions [9] .
Power converters are used to connect these low voltage units in series to form high voltage strings and bypass faulty units. Multi-port dc-dc converters are an attractive option to subdivide the long series strings of dc energy sources to help mitigate energy imbalance amongst stacked dc energy sources. While cost and efficiency constraints generally make energy balancing at the individual solar cell or battery cell level infeasible, sub-dividing the long series strings into a multitude of individually controllable blocks can substantially reduce the severity of the problem -increasing yield from solar PV arrays and improving SOC balance within battery systems. While Li-ion battery systems still require per-cell overcharge and over-discharge protection, such protection circuitry is greatly simplified if the battery pack voltage is reduced via string subdivision.
An important consideration in the selection of a suitable multi-port dc-dc converter is that of ground leakage current. Challenges associated with ground leakage currents are welldocumented in non-isolated dc-dc converters for PV applications. These currents are an unintentional capacitive current caused by high frequency fluctuating voltages across parasitic capacitances [10] - [13] . The nature of non-isolated cascaded multi-port topologies dictates that some of the input dc energy sources will be necessarily ungrounded. Consequently, fluctuations of the potential between their input reference potential and ground may occur at either grid frequency or switching frequency [13] . This fluctuating potential will energize any parasitic capacitance, resulting in ground leakage current.
In the context of cascaded PV panels, the parasitic capacitance refers to the effective capacitance between the conducting surface of the PV array and the ground or grounded frame [12] . Experimental studies in [11] estimate that high frequency parasitic ground capacitance is approximately 7.08 nF/kW p , while other studies in [12] and [13] report a range of parasitic capacitance from pF/kW up to μF/kW depending on topology, switching strategies, and environmental conditions. Because the ground leakage current flows in a resonant circuit that 978-1-4673-6847-6/15/$31.00 ©2015 IEEE Fig. 1 : Proposed bidirectional multi-port dc-dc converter also includes the converter filter components, it can become very significant under certain operating conditions [11] .
Ground leakage currents are highly undesirable as they both lower converter efficiency and post safety hazards to people and animals [13] - [15] . Consequently, it is important for converters to limit and minimize the ground leakage current.
This paper proposes a non-isolated multi-port dc-dc converter topology that achieves minimization of ground leakage currents. The topology also allows neighbouring input ports to share a common output filter inductance. The topology may be implemented as either a unidirectional or bidirectional converter and has salient features of low switching ripple and component count, providing significant cost savings from reduced filter requirements and improved efficiency.
II. TOPOLOGY OVERVIEW
The proposed non-isolated multi-port dc-dc converter is shown in Fig. 1 . The converter has two input ports v 1 and v 2 , and one output port v 3 . Two pairs of complementary switches are employed: 1) S 1a , S 1b and 2) S 2a , S 2b , connected via a single interface inductor. Switches S 1b and S 2a are active switches. Switches S 1a and S 2b may be implemented using diodes if only unidirectional power conversion is required, or using active switches to enable bidirectional power conversion. An interleaved pair of capacitors, C 3a and C 3b , as shown in Fig. 1 , simultaneously provide output filtering and filtering of the reference voltage v n1 to ground. Hence sizing of capacitors C 3a and C 3b provides a direct mechanism for mitigating high frequency ground currents that might otherwise flow through parasitic capacitances that exist between the floating dc energy sources and ground.
The proposed converter has reduced energy storage requirements when compared to the majority of other doubleinput single-output topologies in [16] . It should be noted that the proposed converter can be expanded to a (2n + 1)-port converter by cascading with itself. The objective of this paper is to analyze the basic three-port module using a bidirectional configuration. (1) and (2) . Duty cycle D 1 controls the percentage on-time of switch S 1b , and similarly, D 2 controls switch S 2a .
(1)
One important feature of the proposed converter is the sharing of the interfacing inductor in all switching states. Consequently, it is possible to manipulate the order of switching states with an appropriate interleaved control to reduce inductor switching ripple. The switching strategy shown in Fig. 2 optimally interleaves the upper and lower cells.
IV. CONTROL STRATEGIES
There are two main control objectives for the typical operation of this converter: (1) regulating output current, and (2) balancing input voltages. The first objective relates to the sum of the voltages output by the modules. The second objective relates to the difference between the input voltages. Thus, the controller manipulates the sum and difference variables in (3) to (6) to achieve the control objectives. One practical challenge in designing the delta controller is that the input port capacitance is greatly influenced by the connected source, and consequently, the stability and dynamic response in practice can be very different from the control design. Fig. 4 compares loop gain and phase margin variations due to different input port capacitances. It can be seen that for a specific PI controller the delta control loop remains stable but the phase margin becomes very small for large input capacitance. The magnitude plot shows that the input capacitance alters the loop gain and causes the dynamic performance to vary. In other words, if a user connects high capacitance energy sources to the input ports the controller might result in highly oscillatory input voltage variations.
To prevent such undesired dynamic behaviour, a predictreset PI controller, shown in Fig. 5 , is designed and implemented in the delta control loop. An examination of the control objectives reveals that the reference to the delta controller needs to be constant and zero for proper voltage balancing. Consequently, the controller error-output product threshold, M , can be used as a reliable indicator to reset the accumulated control errors, as shown in Fig 5. The reset threshold M is a small but positive quantity with sufficient amplitude to 
V. SIMULATION STUDIES
To compare and quantify the reduction in switching ripple of the proposed converter, a simulation study and comparison with a typical double-input single-output classical cascaded buck converter (Fig. 7) is conducted in PLECS. Equivalent energy storage requirements (of inductors and capacitors) are implemented in both converters as shown in Table I . Table II show that when compared to the classical cascaded buck converter, the proposed converter inductor current ripple is reduced 3.6 times while the output voltage and input reference node voltage ripple are reduced 3.7 and 12.8 times, respectively. The reduction in switching ripple leads to significant cost savings in the form of reduced filter requirements and improved efficiency. Table I is tested to verify converter switching ripple, bidirectional power transfer capability, and input voltage balancing performance. The experimental setup shown in Fig. 9 uses two stacks of 30 supercapacitors for energy storage. A Regatron TopCon Quadro bidirectional power supply is connected to the output port to regulate the output port voltage for closed loop operation. The following three subsections analyze and compare the experimental results with simulation to quantify the converter performance. The experimental input reference node ripple is higher than the simulation result due to parasitic inductance. In the experimental setup the input sources are located away from the experimenter and the converter input ports due to safety precautions. Consequently, the introduction of parasitic inductance in the long connecting cables is unavoidable, and such parasitic inductance, while not modeled in the simulation, will cause voltage ripple to increase in the experiment. However, this parasitic inductance will become negligible when the input sources are connected directly to the input ports in an industrial setup. It should be noted that the peak-to-peak value of the input reference node voltage ripple is about 0.1 V. For conservative estimates of human impedance of 1000 to 2000 Ω in dry conditions [15] , the resulting current of the proposed converter is well below the 0.5 mA startle reaction current limit recommended by UL [17] . 
A. Switching Performance

B. Bidirectional Power Transfer
C. Voltage Balancing
Unbalanced input voltages can lead to dangerous overcharge conditions and can affect the switching performance of a converter, causing increased switching ripple and somewhat reduced efficiency. Fig. 12 compares the inductor current ripple due to balanced and unbalanced input voltages for a given v Σ . It can be seen that unbalanced voltages can cause Δi L,pp to be 25% higher when the voltage deviation from the mean is approximately ± 10%. The proposed converter can perform input voltage balancing for positive and negative power flows. Fig. 13 shows the voltage balancing results for two different initial charging states, one in the charging mode, the other in the discharging mode. In both cases, the difference voltage is regulated to zero and the supercapacitor voltages become, and remain, balanced.
The switching ripple suppression characteristics of the proposed converter contributes to reduced filter requirements and improved efficiency. Fig. 14 shows the efficiency data calculated and recorded from measurements with Yokogawa WT3000 high-precision power analyzer. It can be seen that the converter can operate at above 99% efficiency over a wide range of duty cycles and input power due to the significant reduction in switching ripple and reduced component count.
VII. CONCLUSIONS
In this paper, a bidirectional multi-port dc-dc converter and its interleaved control strategy are proposed. The proposed converter can perform input voltage balancing for bidirectional power transfer and can limit ground leakage current. The salient feature of the proposed converter is its reduced filter requirements. A simulation comparison between the proposed converter and a double-input single-output classical cascaded buck converter demonstrates that the peak-to-peak inductor current ripple is reduced 3.6 times while the output voltage and input reference node voltage ripple are reduced 3.7 and 12.8 times, respectively. This significant reduction in switching ripple leads to a highly efficient converter with lower costs. Experimental testing with input power up to 3.3 kW confirms the simulation results and demonstrates that the converter prototype has above 99% efficiency over a wide range of input power. Thus, the proposed converter offers a highly efficient and cost-effective means for achieving multi-port power processing and is well-suited for applications in DG and EV.
